T YPE 2 DIABETES IS CHARACTERized by decreased insulin secretion 1,2 and insulin sensitivity in liver, adipose tissue, and skeletal muscle. Together these abnormalities confound efforts to treat diabetes because most antidiabetic agents target only 1 underlying cause of the disease. Approximately 50% of patients treated with monotherapy require additional therapy to achieve target glycosylated hemoglobin (HbA 1c ) levels 3 years after diagnosis. 3 Rosiglitazone maleate, a member of the thiazolidinedione class of antidiabetic agents that was recently approved by the US Food and Drug Administration, targets insulin resistance by binding to the transcription factor peroxisome proliferator-activated receptor-␥, promoting synthesis of glucose transporters and activating adipocyte differentiation. [4] [5] [6] In contrast, metformin hydrochloride promotes glucose lowering by reducing hepatic glucose production and gluconeogenesis and by enhancing peripheral glucose uptake. [7] [8] [9] [10] Because metformin and rosiglitazone act through different mechanisms, their combined use may be indicated in patients whose disease is poorly controlled with a maintenance dose of metformin. This study evaluated the efficacy and safety of adding 4 mg/d and 8 mg/d of rosiglitazone maleate to maximal-dosage of metformin in patients with poorly controlled type 2 diabetes. Combined efficacy was assessed by comparing the level changes in HbA 1c , fasting plasma glucose (FPG), fructosamine, serum insulin, free fatty acids (FFA), lipids, lactate, and estimates of insulin sensitivity and ␤-cell function (BCF) between combined metformin-rosiglitazone treatment and metformin-placebo alone.
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METHODS
Study Subjects
To detect a 0.75% absolute difference in HbA 1c between treatment groups, 65 evaluable patients per group would be required to achieve a power of 95%. Planned enrollment was 280 patients (approximately 93 per group). Persons between the ages of 40 and 80 years with type 2 diabetes as defined by the National Diabetes Data Group 12 with FPG concentrations of between 7.8 and 16.7 mmol/L (140 and 300 mg/dL) at screening and during the placebo-maintenance period while taking 2.5 g/d of metformin were eligible. All patients demonstrated insulin secretory capacity as determined by a fasting C-peptide concentration of 0.27 nmol/L (0.8 ng/mL) or more at screening. Subjects were required to have a body mass index, calculated as weight in kilograms divided by the square of height in meters, of 22 to 38 and a weight change of no more than 10% between screening and baseline.
Patients were excluded if they had clinically significant renal or hepatic disease, angina, New York Heart Association Classification class III or IV cardiac insufficiency, symptomatic diabetic neuropathy, significant clinical abnormality on electrocardiogram, abnormal laboratory test results (blood chemistry, hematology, or urinalysis), use of chronic insulin therapy, participated in any rosiglitazone-related study, or used any investigational drug (excluding metformin) within 30 days of study (or 5 half-lives of the investigational drug, if longer than 30 days). Anorectic agents were discontinued at least 30 days before screening. Patients with hyperlipemia, elevated cholesterol or triglyceride levels, or lipid metabolism disorders were eligible; lipid-lowering agents were maintained at the same dosage level throughout the study.
Study Design
This multicenter, randomized, doubleblind, placebo-controlled trial was conducted at 36 sites in the United States between April 1997 and March 1998. Before the study, patients discontinued all antihyperglycemic medications, with the exception of metformin. Metformin dose tolerability was determined during a 3-week period in which metformin was titrated to 2.5 g/d; afterward, patients entered a 4-week, single-blind metformin-placebo maintenance period with a weight-maintenance diet. During this maintenance period, only investigators were aware that patients were receiving the metformin-placebo treatment. Patients previously treated with metformin at 2.5 g/d proceeded directly to maintenance; thus, with the exception of metformin, patients refrained from medication for a minimum of 4 weeks and a maximum of 7 weeks.
At the end of the maintenance period, patients with inadequate glycemic control (FPG concentration range, 7.7-16.7 mmol/L[140-300mg/dL])wererandomly assigned (1:1:1 ratio) to receive doubleblind metformin treatment in 1 of 3 combinations: placebo (control), 4 mg of rosiglitazone, or 8 mg of rosiglitazone once daily for 26 weeks. Randomization was computer generated with a fixed block size. No patient, investigator, or sponsor was aware of treatment allocation until study completion (FIGURE 1).
This study was conducted in accordance with the Declaration of Helsinki (as amended, 1989), Title 21 of the US Code of Federal Regulations, and Good Clinical Practice guidelines. The institutional review board at each center approved the protocol, and subjects provided informed consent before enrollment.
Efficacy and Safety Measurements
Laboratorymeasurementsforefficacyand safety were performed by SmithKline BeechamClinicalLaboratories(VanNuys, 13 Lactatewasmeasured by enzymatic spectrophotometric analysis using an Olympus analyzer (OlympusClinicalInstrumentsDivision).
Estimates of insulin sensitivity determined by homeostasis model assessment (HOMA-S) and BCF (HOMA-B) were calculated using FPG and immunoreactive insulin values, or C-peptide levels. HOMA is a mathematical model based on glucose and insulin interaction in different organs, including the pancreas, liver, and peripheral tissues. 11 HOMA estimates of BCF and insulin sensitivity were calculated for each participant's FPG and insulin, or C-peptide levels, and expressed relative to values in a lean, nondiabetic reference population aged 18 to 25 years. [14] [15] [16] HOMA-S determinations of insulin sensitivity or insulin resistance have been validated by comparison with results of glucose clamp studies, 11, 14 intravenous glucose tolerance tests, 11, 15 and continuous infusion of glucose with model assessment. 15 The HOMA-B method has been validated by comparison with the intravenous glucose tolerance test and continuous infusion of glucose model assessment. 17 Application of HOMA has also been used in epidemiological studies. 18, 19 Safety monitoring included physical examination, vital sign assessment, weight measurement, electrocardiogram, adverse experience query, and laboratory tests.
Statistical Methods
The primary population for efficacy analysis was the intention-to-treat population, those with at least 1 value while receiving therapy (last observation was carried forward in the case of missing data or early withdrawals). Efficacy and safety parameters were measured at baseline and after 26 weeks of treatment. Safety parameters were assessed based on week 26 data (without the last observation carried forward).
Treatment groups were compared using analysis of covariance with terms for baseline, treatment, and center. The assumptions of the statistical model were tested before application. The Levene test of heterogeneity across treatments was applied at a significance level of ␣ = .01. If significant, the Shapiro-Wilk test of nonnormality (␣ = .01) was examined. Parametric analysis or nonparametric analysis was used, depending on results of test assumptions. If prospectively defined assumptions for parametric analysis were not met, the Wilcoxon rank sum test was used. Pairwise comparisons to placebo used Dunnett multiple comparison procedure to maintain a 2-sided .05 significance level within each parameter. The statistical significance of the within-group change from baseline was tested by a paired t test or a signed rank test. Safety parameters, including clinical laboratory tests, vital signs, and body weight, were examined using 1-way analysis of variance. Statistical analyses were performed using statistical software (SAS/STAT Software, Release 6.12, SAS Institute Inc, Cary, NC).
RESULTS
Of 443 patients screened, 437 entered the titration and maintenance period and 348 were randomized to treatment ( Figure  1 ). Most withdrawals were due to failing to meet inclusion criteria (69.7%). Baseline characteristics were similar among treatment groups (TABLE 1) The metformin-rosiglitazone combination increased HOMA-B in a dosedependent fashion. The median baseline HOMA-B values ranged from 32.5 to 35.8 units and were significantly increased by 10.3 to 13.7 units in the rosiglitazone groups compared with the control group.
Other Metabolic Effects
In the control group, the insulin value decreased by 11.05 pmol/L from a baseline of 118.56 pmol/L after treatment (P = . Mean total cholesterol-HDL-C, and LDL-C levels from baseline in both rosiglitazone groups achieved statistically significant increases in all treatment groups compared with the control group (TABLE 2). Total cholesterol-HDL-C ratios in the rosiglitazone groups were not significantly different from those in the control group. Changes in LDL-C levels were evaluated based on those at baseline. In that analysis, we identified 2 subgroups: those with levels lower than 3.37 mmol/L (Ͻ130 mg/dL) and those at that level or higher. We did not provide P values for any of the subgroups because the values were not large enough for statistical analyses and because the subgroups were not randomized, so significance could not be established. In the lower subgroup, the median baseline LDL-C value increased by 0.13 mmol/L (5 mg/dL) from 2.59 mmol/L (100 mg/dL) in 51 patients in the control group. In both rosiglitazone groups, the LDL-C values increased by 0.54-mmol/L (21 mg/dL) from a median baseline value of 2.69 mmol/L (104-mg/dL) in 57 patients taking 4-mg/d and from 2.64-mmol/L (102 mg/dL) in 60 patients taking 8-mg/d, resulting in medians that remained below 3.37 (Ͻ130 mg/dL) for all 3 treatment groups.
In the higher subgroup, the median baseline LDL-C value increased by 0. Changes in triglyceride levels also were evaluated based on baseline values, using 2 subgroups: those with levels lower than 2.26 mmol/L (Ͻ200 mg/dL) and those with that level or higher. In the lower subgroup, the median baseline triglyceride values increased by 0.15 mmol/L (13 mg/dL) from 1.44-mmol/L (128-mg/dL) in 52 patients in the control group. In the rosiglitazone groups, the median baseline triglyceride value increased by 0. Mean fasting lactate levels decreased significantly in patients taking both dose levels of rosiglitazone compared with those in the control group (4-mg/d rosiglitazone, P = .012; 8-mg/d rosiglitazone, P = .002). Free fatty acids concentrations decreased significantly from baseline in both rosiglitazone groups. (TABLE 3) .
Safety
The percentage of patients with at least 1 adverse event were comparable among each group (75.2%, 4-mg/d rosiglitazone; 78.2%, 8-mg/d rosiglitazone; 76.7%, control). The most frequently reported adverse events were upper respiratory tract infection, diarrhea, and headache. One death due to acute myocardial infarction occurred in the 4-mg/d rosiglitazone group but was judged to be unrelated to study medication. Serious nonfatal adverse events occurred in 5 (4.3%) of 116 patients in the control group and in 5 (4.2%) of 119 patients in the 4-mg/d and 5 (4.4%) of 113 patients in the 8-mg/d rosiglitazone groups, none considered related to study medication.
Symptomatic mild or moderate hypoglycemia was reported by 2 patients in the control group and by 3 patients in the 4-mg/d and by 5 patients in the 8-mg/d rosiglitazone groups. No patient required third-party interven- 
P<.001
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To convert from milligrams per deciliter to millimoles per liter multiply by .0555. Error bars indicate 95% confidence interval. . Both rosiglitazone groups experienced small but statistically significant decreases in hemoglobin and hematocrit levels, which occurred primarily during the first 12 to 18 weeks of treatment, after which values for both parameters increased slightly. The mean decreases in hemoglobin levels were −5.0 g/L in the 4-mg/d and -8.0 g/L in the 8-mg/d rosiglitazone groups (PϽ.0001 for both groups), and mean decreases in hematocrit were -1.8% in the 4-mg/d and -2.5% in the 8-mg/d rosiglitazone groups (PϽ.0001 for both groups). There were no significant changes in these parameters in the control group. One patient in each rosiglitazone group withdrew because of anemia, and 1 patient in the 4-mg/d rosiglitazone group with low hemoglobin and hematocrit levels was withdrawn from the study after week 8 because of evidence of gastrointestinal tract bleeding, considered by the investigator to be unrelated to the study medication.
There were no significant changes from baseline in vital signs or electrocardiogram parameters in the rosiglitazone groups compared with the control group. Although infrequent, edema was observed with greater frequency in the rosiglitazone groups (2.5%, 4-mg/d; 3.5%, 8-mg/d) than in the control group (0.9%). No one withdrew due to edema.
Those in the control group experienced a mean decrease in body mass of 1.2 kg from baseline, but those in the rosiglitazone groups experienced a mean body mass increase of 0.7 kg in the 4-mg/d and 1.9 kg in the 8-mg/d rosiglitazone groups (P = .0001 for both groups). There were no significant differences in waist-to-hip ratios among groups.
No one in the rosiglitazone groups experienced elevations of alanine aminotransferase (ALT) levels greater than 3 times the upper limit of the reference range. Mean changes in aspartate aminotransferase (AST), ALT, and total bilirubin levels were similar in all groups, with a slight decrease observed in mean ALT (-1.9 U/L, control; -1.9 U/L, 4-mg/d rosiglitazone; noted to have liver function tests for potential clinical concern (Ͼ3 times the upper limit of the reference range) while in treatment. Both completed the study with elevated transaminase values.
COMMENT
This is the first large, multicenter, clinical trial demonstrating the efficacy and safety of combined rosiglitazone and metformin treatment in patients with type 2 diabetes. The combination treatment of metformin and rosiglitazone significantly reduced HbA 1c and FPG concentrations, in a dose-ordered fashion compared with baseline and with metformin alone. Conversely, treatment with metformin was associated with significant increases in HbA 1c concentrations, indicating that these agents complement each other to achieve optimal glycemic control and confirming the clinical utility of metformin in combination with a thiazolidinedione drug. 20 Consistent with the mechanisms of action of metformin and rosiglitazone, the reductions in FPG concentrations were proportionately smaller than those observed in HbA 1c concentrations. Maximum doses of metformin decrease hepatic gluconeogenesis, which principally affects FPG concentrations, whereas rosiglitazone enhances insulin sensitivity at the peripheral level and affects overall glucose disposal, including postprandial excursions. Because the relative contribution of postprandial glucose on glycemic control depends on the magnitude of FPG concentrations, 21 rosiglitazone may have an effect on postprandial hyperglycemia, as demonstrated directly in a rosiglitazone trial that showed significant improvements in fasting and postprandial glucose concentrations and excursions. 22 The complementary actions of combined metformin and rosiglitazone is further supported by the effects of rosiglitazone on insulin sensitivity despite maximum doses of metformin. Rosiglitazone may provide added therapeutic value by reducing peripheral insulin resistance. While HOMA-S is an indirect method for determining insulin sensitivity, these results are consistent with glucose-clamp studies using other thiazolidinedione drugs.
23,24
The improvements in HOMA-B with metformin-rosiglitazone treatment (not observed with metformin alone) were unexpected and introduce an important potential therapeutic benefit of rosiglitazone. Although the exact mechanism underlying this improvement remains to be determined, rosiglitazonemediated reductions in glucotoxicity 25 and lipotoxicity secondary to elevated concentrations of circulating FFA or both 26, 27 are candidate mechanisms by which rosiglitazone may improve BCF. The effects of rosiglitazone on BCF and insulin sensitivity are consistent with its effects on long-term glycemic control and suggest that it may possibly delay or prevent disease progression.
Despite significant increases in total cholesterol, HDL-C, and LDL-C with the metformin-rosiglitazone treatments, the total cholesterol-HDL-C ratio, which did not change significantly, may be a better predictor of cardiovascular outcome than either total cholesterol or HDL-C levels alone. [28] [29] [30] Since this study was not designed to assess long-term lipid effects, the long-term significance of these changes is unknown; however, patients with baseline plasma LDL-C levels lower than 3.37 mmol/L (Ͻ130 mg/dL) remained less than that level after therapy. No significant changes in triglyceride levels were noted in any treatment group, and segregation of patients into subgroups revealed nonsignificant increases in patients with baseline triglyceride levels lower than 2.26 mmol/L (Ͻ200 mg/dL). Among patients in the 8-mg/d rosiglitazone group whose baseline was higher than 2.26 mmol/L (Ͼ200 mg/dL), there was a significant statistical decrease observed (64 mg/dL). The clinical significance of lipid level changes may be minimal, because lipidlowering therapy may be often administered to patients with diabetes irrespective of prior heart disease history. 31, 32 Elevated FFA may play a role in the development of insulin resistance, because it is associated with increased hepatic glucose output 33, 34 and may contribute to ␤-cell dysfunction via a lipotoxic effect. 26, 27 Elevated FFA has also been linked to endothelial dysfunction and hypertension 35, 36 and enhanced platelet aggregation and coagulation, 37, 38 which may increase cardiovascular risk. Therefore metformin-rosiglitazone treatment was significantly more effective in lowering FFA than the metformin alone.
The weight gain observed in those receiving metformin-rosiglitazone treatment may be attributed to increased adipocyte differentiation, 39, 40 fluid retention, 39, 41 or increased appetite. 42 Despite weight increases, no significant differences in waist-to-hip ratio among groups were observed, suggesting that rosiglitazone treatment leads to increased energy storage in subcutaneous adipose sites that are not associated with increased cardiovascular risk. 43 The small decreases in hemoglobin and hematocrit levels associated with metforminrosiglitazone therapy may relate to plasma volume expansion derived from fluid retention and hemodilution. 44 Metformin-rosiglitazone therapy may be a safe alternative therapy to attain optimal glycemic control where monotherapy has failed because the statistically significant decreases in lactate levels associated with metforminrosiglitazone treatment indicate that rosiglitazone may correct metabolic abnormalities beyond reducing hyperglycemia, and further suggest differing and complementary actions of metformin and rosiglitazone; and ALT elevations greater than 3 times the upper limit of the reference range were not observed in either of the rosiglitazone groups.
In summary, combination metforminrosiglitazone treatment is effective and safeinreducinghyperglycemiainpatients with type 2 diabetes. In patients whose fundamental abnormality is insulin resistance, such a combination raises the exciting possibility of treating diabetes by targeting the underlying cause of the disease, rather than the traditional approach of stimulating insulin secretion. Nearly 30% of patients taking the combination therapy achieved HbA 1c levels of 7% or less. This level of glycemic control is 3-fold greater than what was achieved among those taking metformin alone. Additional investigation is needed to determine whether this combination will alter the long-term risk of cardiovascular disease or delay disease progression. methylnaltrexone levels. Mean (SD [range]) peak plasma level for the other 4 patients (1 from the 1.0 mg/kg group and 3 from the 3.0 mg/kg group) was 17.8 (6.6 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] ) ng/mL.
Comment. Tertiary opioid antagonists, such as naloxone, cross the blood-brain barrier and reverse both the pain-relieving benefits and the adverse effects of opiates. Although oral naloxone may relieve opioid-induced constipation, the therapeutic index is very narrow, 5 and naloxone may induce opioid withdrawal symptoms. Many patients receiving opioid pain medications face a difficult choice between burdensome adverse effects or ineffective analgesia. Methylnaltrexone may allow for more aggressive use of opioid analgesics with fewer adverse effects. The low methylnaltrexone plasma levels observed in our study suggest that this charged compound acts directly in the gut. Oral methylnaltrexone has potential clinical utility in managing opioidinduced constipation with minimal adverse effects. , incorrect wording and incorrect data presentation were printed. On page 1695, in the "Results" section of the Abstract, the sentence that read "28.1% achieved a glycosylated hemoglobin of less than 7%" should have read "7% or less." On page 1698, the last sentence in the "Glycemic Control" section should have read "Nine patients (7.9%) in the control group, 25 (21.6%) in the 4-mg/d, and 33 (30.0%) in the 8-mg/d rosiglitazone groups achieved FPG concentrations of less than 7.8 mmol/L (140 mg/dL)." On page 1699 in the "Other Metabolic Effects" section, in the penultimate paragraph, which reports triglyceride findings, the phrase that read "in the rosiglitazone groups, the median baseline triglyceride value increased. . . by 0.07 mmol/L (6 mg/dL) from 1.34-mmol/L (119 mg/dL) in 55 patients taking 8-mg/d," should have read "decreased by 0.72 mmol/L (64 mg/dL) from 9.16 mmol/L (280 mg/dL) in 37 patients taking 8 mg/d." The last sentence of the penultimate paragraph of the "Other Metabolic Effects" section was repeated from the prior paragraph and should be deleted. In Table 2 , the "Total cholesterol-HDL ratio" section should not have been converted to mmol/L. To calculate the proper ratio, divide the values in that section by 0.0259. In the footnote of Table 2 , the cholesterol conversion factor should have read "0.0259." On page 1701 in the "Comment" section in the third column, the line that read "Among patients in the 8-mg/d rosiglitazone group. . . there was a significant statistical decrease observed (6.4-mg/dL)" should have read "(64 mg/dL)." In addition, Sylvia K. Chai, PhD, should have been included in the acknowledgment for her significant contributions to the preparation and review of the article. 
